We analyze the IceCube four-year neutrino data in search of a signal from the Fermi bubbles. No signal is found from the bubbles or from their dense shell, even when taking into account the softer background. This imposes a conservative ξ i < 8% upper limit on the cosmic-ray ion (CRI) acceleration efficiency, and an η ≡ ξ e /ξ i 0.006 lower limit on the electron-to-ion ratio of acceleration efficiencies (at the 2σ confidence level). For typical ξ i , a signal should surface once the number of IceCube neutrinos increases by ∼an order of magnitude, unless there is a <PeV cutoff on the CRI spectrum.
INTRODUCTION
A pair of highly extended, double-lobed γ-ray bubbles was identified (Dobler et al. 2010; Su et al. 2010 , henceforth S10) using the Fermi-LAT data. These so-called Fermi bubbles (FBs) extend ∼ 50
• above and below the Galactic plane and their location and morphology suggest an association with the Galactic center. They show an approximately flat (constant ǫ 2 γ dN γ /dǫ γ ) spectrum across the energy range of 1-100 GeV. Their flux, ∼ 5 × 10 −7 GeV s −1 cm −2 sr −1 at this energy range, is nearly uniform spatially, and corresponds to a luminosity of L γ ≃ 4×10 37 erg s −1 (assuming a d ≃ 10 kpc distance; S10 and Ackermann et al. 2014, henceforth F14) .
The FBs show counterparts in other bands: in Xrays, a keV shell (Bland-Hawthorn & Cohen 2003; Keshet & Gurwich 2017b, henceforth KG17b) ; in microwaves, the so-called microwave haze (Finkbeiner 2004) ; and possibly in the radio, an extended polarization signal (Carretti et al. 2013) . The combined electromagnetic signature, along with additional evidence (Fox et al. 2015; Miller & Bregman 2016) , indicate a supersonic outflow from an explosive event near the Galactic center several megayears ago. The FB edges then trace a strong, outgoing, forward shock, accelerating high-energy cosmic-ray (CR) ions (CRIs) and electrons (CREs), which subsequently diffuse into the FBs (Keshet & Gurwich 2017a, henceforth KG17a) .
Other models include a starburst (Carretti et al. 2013; Lacki 2014; Sarkar et al. 2015) , central massive black hole jets (Cheng et al. 2011; Mou et al. 2014) or outflows (Zubovas & Nayakshin 2012) , and steady star-formation (Crocker et al. 2015) .
The γ-ray emission from the FBs has been modeled as either leptonic (S10; Yang et al. 2013, and F14) or hadronic (S10; Crocker & Aharonian 2011; Fujita et al. 2013, and F14) . Neither of these models were able to simultaneously account for both γ-ray and microwave signals without invoking ad hoc, physically unmotivated cutoffs on the CR spectrum. In a separate publication (I. Gurwich & U. Keshet 2017, in preparation) , we argue that the only natural FB model fitting the data is leptonic, and present a self-consistent, natural, single-zone model with no ad hoc cutoffs; this leads to a ∼ 10 GeV cooling break in the CRE spectrum, yielding a ∼ 1 GeV break in the γ-rays. The CRI spectrum, on the other hand, is not constrained here by the γ-rays.
In the absence of an unnatural cutoff on the spectrum of the CRIs, their acceleration in the FBs should proceed to high energies of the order of (Hillas 1985) E max ≃ ZeβBL
(1)
where B, L, and β are the typical FB magnetic field, length scale, and shock velocity normalized to the speed of light, respectively, and Ze is the CRI charge. Inelastic collisions of these CRIs with the ambient gas should therefore generate neutrinos of energies up to at least ∼ 20 PeV, well within the IceCube band (IceCube Collaboration 2001 Ahlers & Murase 2014) .
Here we examine the neutrino data presently available from IceCube, in search of counterpart FB neutrinos (FBνs). The manuscript is arranged as follows. In §2 we introduce the IceCube data used in our study. The analysis is presented in §3, and its implications for the CR acceleration are outlined in §4. The results are summarized and discussed in §5.
DATA PREPARATION
We use the IceCube four-year data set, containing 54 high-energy, ∼ 10 TeV-2 PeV neutrino events (Aartsen et al. 2014; Kopper et al. 2015, henceforth A14 and K15) . The data can be broadly classified into two types of events: showers (or cascades), which are mainly attributed to electron and tau neutrinos; and tracks, which are primarily associated with muon neutrinos (IceCube Collaboration 2013).
The effective area A(ω) of IceCube depends on the direction ω of the impacting neutrinos, in particular their declination. This dependence is due to the event selection process and the natural asymmetry of the detector caused by the Earth (IceCube Collaboration 2013). Here and below, the boldface symbols are unit vectors. The effective area also depends on energy, but here we use the estimated effective area after integration over energies above 60 TeV.
The events are based on analyses with an isotropic event selection and with a containment cut meant to remove atmospheric events. Neutrino scattering in the Earth leads to a bias toward the southern hemisphere, where the total event rate is nearly isotropic (N. Kurahashi Neilson and N. Whitehorn 2016, private communications), to within ∼ 10% accuracy (based on the simulated event rate as a function of declination for an isotropic, spectrally-flat astrophysical neutrino background; see K15, Figure 4 ). The inferred effective area is shown (in shades of yellow) in Figure 1 .
Out of the 54 neutrino events, including both showers and tracks, events 1-37 are taken from A14, and events 38-54 are from K15. Two out of these 54 events (events number 28 and 32) were excluded from the analysis because they probably arise from CR air showers (A14). Figure 1 shows the remaining 52 neutrinos in Galactic coordinates, using a Hammer-Aitoff projection.
We model the arrival direction ω of each event j with a Fisher distribution,
centered upon the tabulated most likely coordinates n j in A14 (Supplementary Table 1 ) and in K15 (Table 1) , with dispersion σ j given by the event's tabulated angular error; the effects of the variable effective area on the probability distribution of the arrival direction are neglected. The tabulated neutrino energies (line thickness and color in Figure 1 ) are used to estimate the flux.
ANALYSIS
The FB edges have been previously traced using gradient filters of different scales (KG17a; see Figure 1 ), as well as manually (e.g., S10). Different edge tracing methods differ by several degrees, and up to 15
• in the western longitudes, far from the Galactic plane. Here we use edge 1 of KG17a, which is based on a gradient filter on 6
• scales. This is sufficient for tracing the FB edge at latitudes |b| 10
• . In order to extend the edges deeper into the Galactic plane, we arbitrarily extend the east (west) edge to a longitude of +5
• (−5 • ) at the plane. This slightly overestimates the size of the FBs near the Galactic center, so we may only impose an upper limit on the FBνs.
The number of neutrinos estimated to arrive from some region of interest Ω 0 in the sky is given by
We wish to determine if, within Ω 0 (namely, the full-sky or the southern equatorial hemisphere), there are excess neutrinos arriving from a target Ω (namely, the FBs or some part of them). We thus compare the estimated number of neutrinos arriving from the overlap between the region of interest and the target, N (Ω ∩ Ω 0 ), with the null-hypothesis of isotropically distributed neutrinos within Ω 0 with no additional signal from Ω,
A signal would correspond to a large number N (Ω ∩ Ω 0 ) of target neutrinos, significantly exceeding the no-signal expectation N iso (Ω|Ω 0 ). Table 1 summarizes the results of analyzing different combinations of FB targets Ω inside regions of interest Ω 0 .
We start with an all-sky, Ω 0 = 4π analysis. For an isotropic neutrino background, out of the 52 IceCube neutrinos, on average N iso (Ω|Ω 0 ) ≃ 4.6 would coincidentally arrive from the direction of the FBs, when taking into account the variable effective area, according to Eqs. (3) and (4). The number of IceCube neutrinos actually estimated as arriving from the FB direction is found to be smaller: N (Ω ∩ Ω 0 ) ≃ 3.7. We conclude that no signal from the FBs as a whole is seen in a full-sky analysis.
The FBs are located almost entirely in the southern equatorial hemisphere, as shown in Figure 1 . The larger effective area in this hemisphere suggests less foreground contamination, so we consider it as a second, Ω 0 = 2π region of interest. Here, south of the celestial equator, the numbers of neutrinos received from the direction of the FBs is still smaller than that of the no-signal expectation value (see Table 1 ). Thus, we find no evidence for uniform neutrino emission from the FBs, not even when limiting the region of interest to the southern equatorial hemisphere.
The gas density is thought to be elevated in a thin shell behind the FB edges, so next we consider possible neutrino emission from this shell. We define the shell as the region inside the FBs at a distance of no more than 5
• from the edge, and at least 5
• from the Galactic plane. Repeating the above analysis for the shell gives, as expected, a smaller value of the isotropic expectation N iso (Ω|Ω 0 ). However, the number N (Ω) of neutrinos estimated from the direction of the shell is even smaller. These results, found both all-sky and in the southern equatorial hemisphere, do not indicate a deviation from an isotropic distribution. Therefore, we cannot identify any association between the IceCube neutrinos and the part of the sky subtended by the FBs, neither when assuming uniform emission from the bubbles, nor when examining enhanced emission from their shell.
As the spectrum of the IceCube neutrinos (Aartsen et al. 2015) is softer than what is expected from the FBs, we consider weighing the neutrino events according to their energies. For example, one may search for a signature of the FBs in the total deposited neutrino energy rather than in the number of events. Repeating the above analysis for the deposited energy yields similar results (see Table 1 ). For an all-sky analysis, the energy of the neutrinos arriving from the direction of the FBs exceeds the isotropic expectation by ∼ 20%, while that from the direction of the shell is ∼ 10% lower. The main cause for the elevated energy from the full FBs can be traced to a single very energetic event (number 14 in A14; Supplementary Table 1) near the Galactic center. Indeed, removing this event from our analysis entirely Note. -Columns: (1) region of interest; (2) target; (3) number of events in region of interest; (4) isotropic expectation number of events in target; (5) number of events in target; (6) isotropic expectation energy, in TeV; and (7) energy in target, in TeV.
† Without event 14, lying near the Galactic center.
eliminates the excess energy. In summary, even using the deposited energy, we are still unable to associate IceCube neutrinos with the FBs.
IMPLICATIONS OF NO FBν DETECTION
The preceding discussion shows no significant association between IceCube neutrinos and the FBs. This imposes: (i) an upper limit on the FBν flux, F F Bν ; (ii) an upper limit on the efficiency ξ i of the CRI acceleration; and, using an inverse-Compton (IC) model for the γ-ray flux, (iii) a lower limit on the electron-to-ion ratio, η, of the CR acceleration efficiencies.
We consider the neutrino energy range of 60 TeV-3 PeV. The logarithmic IceCube flux in this range is ǫ 2 dF ν /dǫ ≃ (8 ± 3) × 10 −9 GeV s −1 cm −2 sr −1 , computed per neutrino flavor assuming a spectral index of s = 2 (henceforth); a similar result is obtained for s = 2.5. Assuming an isotropic astrophysical background, we expect ∼ 4.5 neutrinos to arrive from the FB region. Poisson statistics with the aforementioned flux then dictates the 2σ limit,
inclusive for all flavors.
Notice that the logarithmic γ-ray flux from pp collisions is proportional to the neutrino flux (e.g., Kelner et al. 2006) , such that one may impose the corresponding limit of
at similar photon energies. Assuming that this constraint extends down to LAT energies, it validates a leptonic origin for the FB γ-rays. Taking the inclusive cross section for π ± production at ∼ PeV energies as (Dermer 1986; Blattnig et al. 2000 ) σ = 0.3σ 0.3 barn, and the fraction of the CRI energy transferred into neutrinos as 0.15, the upper limit on CRIs becomes
where here we approximate each FB as a semimajor axis a = 5 kpc, semiminor axis b = 3 kpc prolate spheroid, centered at a height 5 kpc above the Galactic center (which is assumed to lie at a distance 8.5 kpc from us), with a volume-averaged hydrogen number density of n = 10 −3 n −3 cm −3 (KG17b). We also approximate (henceforth) all of the CRIs as protons.
Assuming an ion temperature, mass-averaged over the FB, of k B T ≃ T keV keV, the CRI acceleration efficiency ξ i , defined as the fraction of downstream thermal energy deposited in the CRIs, is bounded by
Taking into account evidence (Fox et al. 2015) that the FB ions are significantly hotter than 1 keV (KG17b), indicates a very low ion acceleration efficiency. It should be noted that the CRE acceleration efficiency ξ e (defined similarly, as the fraction of downstream thermal energy deposited in the CREs) is also known to be very low in the FBs. The CRE spectrum can be evaluated by interpreting the FB γ-ray spectrum (F14) below a GeV as arising from IC scattering off the CMB. We then constrain the energy ratio between CREs and CRIs to be
This represents the ratio of the energies deposited in the accelerated CREs and CRIs. Note that due to the cooling of high-energy CREs, it is not equivalent to the ratio between the present energies contained in these CR species.
SUMMARY AND DISCUSSION
We analyze the four-year IceCube data in search for a signal from the FBs. We search for a signal both from the FBs as a whole, and as limb-brightened emission from a thin shell behind the FB edges. We also account for the harder FB spectrum by searching for an energy-weighted signal.
With the presently available data, none of the above tests indicate a significant detection of FBνs, as summarized in Table 1 . This imposes constraints on the FBν flux, and therefore on the CRI density above ∼ PeV. Unless the FB CRI spectrum at lower energies features a break or a cutoff, our analysis yields significant constraints on the FB CRI acceleration efficiency ξ i and on the ratio η between CR electron and ion acceleration efficiencies.
The resulting upper limit on ξ i is ∼ 10% for an average FB temperature of 1 keV. However, higher temperatures, inferred (KG17b) from the high velocity (Fox et al. 2015) of the gas inside the FBs, suggest a low, < 2% efficiency. Assuming that ξ i in the FBs is not significantly lower than what is typically estimated, this result implies that either (i) further observations will detect the FBν signal, once the number of detected neutrino events increases by ∼ an order of magnitude; or (ii) there is a break or cutoff in the FB CRI spectrum below ∼ PeV.
The CR electron-to-ion ratio at a given energy is constrained as η 0.006, consistent with some of the previous models and estimates, but not with others, in particular hadronic emission models (see, for example, Ellison et al. 2010; Morlino & Caprioli 2012) . The validity of this result too depends on the lack of a spectral break or cutoff below a PeV.
While finalizing this project, we were made aware of a similar work (Fang et al. 2017, henceforth F17) , imposing constraints on CRs from the FBs using the IceCube and HAWC data. Their results are quite similar to ours overall. The FBν flux upper limit of F17 is ∼ 50% higher than ours, whereas the upper limits on the CRI agree even better, to within 20% (when corrected for the different gas densities used in the two papers), despite F17 relying on HAWC, rather than IceCube, to obtain this constraint.
The limits on η differ by a factor of ∼ 3 between the two analyses. However, this arises because F17 calculate a bolometric ratio, while our η gives the ratio at a given energy. As the CRE spectrum is cut off by cooling, the overall energy in the > 1 GeV CREs (as accounted for by F17) underestimates the acceleration efficiency.
There are nevertheless some differences between the two studies. The main one being that F17 find a small (yet insignificant) positive signal from the FBs, whereas we find a negative (also insignificant) signal. This is due to our estimate relying on the extended distribution of the arrival directions, while F17 counted the number of events whose center falls within the FBs.
Our analysis generalizes this neutrino-FB overlap by also examining limb-brightened emission from the shell, and utilizing the anticipated spectral hardness with respect to the background. Finally, the edges used in the two analyses are somewhat different. We thank N. K. Neilson, N. Whitehorn, E. Waxman, K. Murase, and K. Fang for helpful advice. This research was supported by the ISF within the ISF-UGC joint research program (grant No. 504/14) and by the GIF (grant I-1362-303.7/2016), and received funding from the IAEC-UPBC joint research foundation (grant 257).
